Small leaks in the low-pressure system (LPS) of the anesthesia gas machine can cause hypoxia or patient awareness. We sought to determine the relative sensitivities of the various tests recommended for detecting LPS leaks before anesthesia. Special adapters were fashioned to create leaks of six different sizes in the LPS that were equivalent to the following: a single 25-, 22-, 20-, or 15-gauge needle, two 15-gauge needles, or a 2.5-mm endotracheal tube connector. With each leak condition, five different leak tests were performed on three each of the following machines: Ohmeda Modulus P, Ohmeda Modulus II@-Plus, and North American Drager Narkomed (2A, 3 and 4), for a total of 54 leaks to be detected for each leak test (3 x 3 x 6). The number of leaks detected with each test was compared by Fisher's exact test, P < 0.05 being considered significant. Only the negative pressure leak test detected all 54 leaks, a significant difference from the positive pressure test, which detected the least number of leaks, 28 (P < 0.05). Some leak tests are more suitable for specific anesthesia machines. Adoption of the negative pressure test as a universal LPS leak test may prevent the risks associated with using the wrong test for the particular anesthesia machine: hypoxic gas or patient awareness.
(Anesth Analg 1997;84:179-84) P atients may inspire hypoxic gas or experience intraoperative awareness and postoperative recall of surgery if the anesthesia gas delivery machine ("anesthesia machine") has a leak in the lowpressure system (LB) (1, 2) .i The LPS of anesthesia machines consists of all the components between the flow control valves and the common gas outlet (3, 4) . The revised guidelines, "Anesthesia Apparatus Checkout Recommendations 1993," published by the United States Food and Drug Administration, recommend a negative pressure ("suction bulb") test to check for leaks in the LPS of the anesthesia machine (5). Other test procedures are recommended in machines' user manuals2T3 and in anesthesia textbooks (3, 4, 6) . The effectiveness of these tests, however, is unknown. Therefore, we compared the sensitivity of 
Methods
Nine different anesthesia machines were tested with a compatible vaporizer as follows: three Modulus ITM machines (Ohmeda Anesthesia Systems, Madison, WI; Ohio Medical Systems vaporizer), three Modulus II@-Plus machines (Ohmeda Anesthesia Systems; Ohmeda Tee 4 vaporizer), and three Narkomed machines (Narkomed Models 2A, 3, and 4, North American Drager, Telford, PA; Vapor 19.1, Dragerwerk AG, Lubech, Germany). The Modulus I has a common gasoutlet check valve, and the other machines do not. The machines and vaporizers were subjected to five different leak tests. To create leaks of various sizes, the filler cap or the drain plug of the vaporizer was fitted with a special adapter containing a rubber stop into which a standard hypodermic needle could be inserted (Figure 1) . For all machines, the leak tests were performed with the vaporizer set at a concentration of 1%. Prior to testing, liquid anesthetic was drained from the vaporizer to keep the liquid from altering orifice (leak) size during testing.
According to the particular steps for detecting a leak stipulated by each of the five leak tests ( (Table 2 ). All other tests were less reliable in detecting leaks (Table 3) , which varied both by the size of leak and by the type of anesthesia machine. All the other tests failed to detect or only detected very few of the small (<22-gauge) leaks (Table 2).
Discussion
The LPS, which consists of all the components between the flow control valves and the common gas outlet (3,4), is not the same for all anesthesia machines: Certain types of machines include a check valve at the common gas outlet to minimize the effect of intermittent back pressure on vaporizer performance, the socalled pumping effect (7). Because of these structural dissimilarities, the tests for checking for LPS leaks vary (3-6).3-5 On machines with a common gas-outlet check valve, which prevents gas from flowing back from the breathing system to the LPS, the positive pressure test did not detect the majority of LPS leaks. If the operator is unaware of the presence and significance of the check valve, a large leak in the LPS can go undetected. On machines without a check valve, the positive pressure test will detect large leaks in both the LPS and the breathing system, but the operator must conduct some other test to locate the leak.
The negative pressure test is quick and easy to perform, has a clearly defined end point, and, in this study, was more sensitive than the other leak tests. Further, the negative pressure test is a universal test- which specifies that a suction-bulb reinflation time <lo seconds indicates a LPS leak, whereas the Ohmeda guidelines specify that a reinflation time ~30 seconds indicates a LPS leak. We reexamined our data to determine the impact of the shorter time. All leaks caused the suction bulb to reinflate in less than 10 seconds except in three cases: With a 25-gauge leak orifice, on three individual machines, the reinflation times were 10, 11, and 12 seconds. In each of these cases, however, at 10 seconds, the suction bulb was clearly and rapidly reinflating in contrast to the controls with no leaks, when the bulb was clearly not reinflating at 10 seconds. Although it is very likely that most clinicians and technicians will be able to discern that the bulb is reinflating, based on our data, we think that future revisions of the Food and Drug Administration Recommendations should use a bulb reinflation time of 15 seconds for the negative pressure test.
Several points about the other leak tests are worthy of emphasis:
1. Vaporizer. Some tests do not specifically indicate that the test must be conducted first with the vaporizer off and then repeated with each vaporizer individually turned on. For each anesthesia gas machine in this study, even though a vaporizer leak was intentionally created, none of the leak tests could detect it unless the vaporizer was on. When the vaporizer concentration dial setting is in the off position, gas bypasses the vaporizer chamber of the vaporizer. Thus, the leak test must be performed with the vaporizer off and with it on.
2. Site of leak. Some tests cannot differentiate breathing system and LPS leaks. Because leaks of several hundred milliliters per minute, which are usually not clinically significant in the breathing system, are significant in the LPS, the leak test should be able to differentiate between leaks in the two systems. 3. O2 pow. The minimum 0, flow feature of contemporary anesthesia machines (typically 200 mL / min) makes it impossible to conduct some of the leak tests or requires, for other tests, that the master switch of the anesthesia machine be turned off or put in standby mode. Practically, this means the leak test cannot be performed during anesthesia. 4. Check valves and positive pressure leak. The positive pressure leak test was not designed for anesthesia machines with a common gas outlet check valve, such as the Modulus I. When the positive pressure leak test was used with the Modulus I, only six of 18 possible ANESTH ANALG LOW-PRESSURE SYSTEM LEAK TESTS 1997;84:179-84 leaks were detected, the worst test-machine combinacommercially available from one anesthesia machine tion results in this study. manufacturer (Ohmeda, bulb assembly for low-5. Negative pressure test device. The negative pressure pressure system test, part number 0309-1319-800).3 test device should generate a sustained negative presThe device can be assembled from common anesthesia sure of at least -65 mm Hg for 60 seconds3 and is components, such as a sphygmomanometer bulb (6) or 1997;84:179-84 LOW-PRESSURE SYSTEM LEAK TESTS a bulb pump from a blood administration set with the valve reversed, but a device so assembled should be tested to ensure that it can sustain the level of negative pressure indicated above for the time specified (8).
During anesthesia, only the fresh gas occlusion test can be used to test the LPS for large leaks. This test is simple, can be performed without a suction bulb, and does not require the anesthesia machine to be disassembled in any way. The fresh gas occlusion test, however, is insensitive to small leaks in the LPS that may be clinically significant. In this situation, only direct analysis of the respiratory gas and measurement of the concentrations of oxygen and anesthetic vapor can ensure the integrity and proper functioning of the LE. If a LPS leak is detected, its precise location and cause should be identified. Filler caps and drain port pins should be properly aligned and tightly closed. If the LPS leak is confined to a specific vaporizer, it should be replaced to prevent the possibility of inadequate anesthesia and, thus, awareness and recall. In rare cases, LPS leaks may cause a hypoxic gas mixture. The risks of a LPS leak do not depend on the specific components in the system but, rather, on the general principle by which the system operates; therefore, these problems have occurred with older systems (1,2) and may continue to occur even if the components change.
In this study, based on the following rationale, we created LPS leaks with a specific orifice size rather than a specific flow rate: A LPS leak is due to a defect of a fixed size, and the flow rate through it depends on the pressure gradient applied across the defect. Operating pressure in the LPS varies by anesthesia machine; by clinical conditions such as cycling of the mechanical ventilator, application of positive end-expiratory pressure, or opening the oxygen flush valve; and, most relevant to our study, by pressure-positive or negative-generated by the LPS leak test. Therefore, to provide meaningful comparative data, we evaluated the leak tests with a range of constant leak orifice sizes and counted the number of times the leaks were detected, regardless of the leakage flow rate, which varied with the pressure generated by the specific leak test.
To confirm clinical relevance, we extrapolated the simulated conditions of our study to clinical conditions in order to determine whether a LPS leak could result in substantial anesthetic leakage. Under typical clinical conditions (Table 4) , the 25-gauge orifice would result in a leakage flow rate of 90 mL/min and a 20-gauge orifice in a rate of 650 mL / min. While these amounts of leakage are considered minimal for a breathing system, they can be clinically significant if they are located in the LPS because they interfere with the anesthetic gas delivery. For example, with a total fresh gas flow of 5 L/min and a vaporizer set to deliver 1% isoflurane, approximately 100 mL/min of Allied Health Care Products, St. Louis, MO) that had been calibrated in room air and was set at 6 L/min was used to measure the rate of flow through each leak orifice.
fresh gas passes through the vaporizing chamber of the vaporizer, which entrains approximately 50 mL of isoflurane vapor. If there is a lOO-mL/min leak on the fresh gas side of the vaporizer, no isoflurane vapor is picked up. With a leak of 150 mL/min, the entire dose of isoflurane can escape into the atmosphere. Surprisingly, the smell of isoflurane is usually undetectable, presumably because it is rapidly diluted by ambient air. The effect can be even greater when anesthesia is predominantly intravenous, because a low flow rate and a low concentration of volatile anesthetic is often used to ensure amnesia. In these cases, an even smaller leak in the vaporizer can become clinically significant, and the patient may experience awareness and recall of intraoperative events. Finally, depending on the gas composition and leak site, a LPS leak can cause a hypoxic gas mixture (9).
In summary, some leak tests of the LPS are more suitable for specific anesthesia machines. The negative pressure test, however, can be performed on any anesthesia machine, is the most sensitive test, is easy to perform, and clearly differentiates leaks in the LPS from those in the breathing system. Adoption of this universal LPS leak test, as recommended by the Food and Drug Administration in 1993, should minimize confusion regarding the many different tests currently recommended and may prevent the risk associated with using the wrong test for the particular anesthesia machine. 216-9.
